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Spin-orbit coupling (SOC) is an essential ingredient in topological materials, conventional and
quantum-gas based alike. Engineered spin-orbit coupling in ultracold atom systems –unique in their
experimental control and measurement opportunities– provides a major opportunity to investigate
and understand topological phenomena. Here we experimentally demonstrate and theoretically ana-
lyze a technique for controlling SOC in a two component Bose-Einstein condensate using amplitude-
modulated Raman coupling.
The properties of electronic materials are deeply en-
twined with their bandstructure –or more generally, their
single-particle spectrum– which gives rise to: conduc-
tors, semiconductors, conventional insulators and now
topological insulators [1]. Understanding and control-
ling bandstructure in new ways therefore allows access
to new phenomena. Spin-orbit coupling (SOC) plays a
fundamental role in most topological materials, linking
the spin and the momentum of quantum particles. The
introduction of time-periodic perturbations to topolog-
ically trivial systems (quantum wells, solid-state mate-
rials, and ultracold atoms) can drive phase transitions
to new “Floquet topological phases” [2, 3]. For exam-
ple, Floquet topological insulators arise from topologi-
cally trivial materials with spin-orbit coupling through
time-periodic perturbations [2].
In such materials, topological properties are induced
and controlled by periodically modulating various terms
in the single particle Hamiltonian. In ultracold atom sys-
tems we precisely design, introduce and manipulate SOC
by coupling the internal atomic degrees of freedom with
laser fields [4]. Here, we illuminated an ultracold atom
system with a pair of “Raman” lasers, inducing SOC in
an effective two-level system [5–10] with SOC strength
defined by the laser geometry alone. In this letter, we
experimentally show that strongly modulating the Ra-
man coupling tunes the SOC strength, independently of
geometry and in agreement with theory.
We engineered SOC in an effective two-level atom in a
uniform magnetic field Beˆz that Zeeman-split the energy
levels by ~ωZ = gFµBB, where µB is Bohr’s magneton
and gF is the Lande´ g-factor. These levels were coupled
by a pair of orthogonally polarized Raman laser beams
with angular frequencies ωL and ωL + ∆ω and a relative
phase, as shown in Fig. 1. The lasers’ frequency difference
∆ω was set near ωZ , naturally defining an experimentally
tunable detuning δ0 = ∆ω − ωZ .
In our experiment, we selected as our two-level sys-
tem the |mF = 0,−1〉 ≡ |↑, ↓〉 hyperfine states of the
5S1/2, f = 1 manifold of
87Rb [5]. The Raman laser field
coupled spin states |↓, qx = kx − kL〉 to |↑, qx = kx + kL〉,
differing in momentum by 2kL, where qx = kx ± kL
denotes the quasimomentum. The recoil momentum
kL = 2pi sin(θ/2)/λ and energy EL = ~2k2L/2m set the
relevant momentum and energy scales for Raman lasers
intersecting at an angle θ; here λ is the laser wavelength
and m is the atomic mass. In this experiment θ = pi/2,
as shown in Fig. 1 [11].
In the frame rotating at angular frequency ∆ω and af-
ter making the rotating wave approximation, the Hamil-
tonian combining both the kinetic and Raman coupling
contributions is [5]
Hˆ =
(
~2q2x
2m
+ EL
)
1ˆ +
~Ω
2
σˆx +
~δ0
2
σˆz + α0qxσˆz, (1)
where Ω ∝ E∗AEB is the Raman coupling strength,
σˆx,y,z are the Pauli matrices, and EA,B
are the complex-valued optical electric field
strengths (Fig. 1a). The last term describes SOC
−an equal sum of Rashba and Dresselhaus SOC− with
strength α0 = 2EL/kL ∝ kL. The resulting energy bands
of the laser dressed atomic system E±(qx) are obtained
by diagonalizing Hˆ as a function of the quasimomentum
qx. We focused atoms in the lowest energy band, where
they experienced the energy-momentum dispersion
relation given by E−(qx).
The SOC strength α0 ∝ sin(θ/2) depends only on the
momentum difference between the Raman laser beams,
reaches its maximum for counter-propagating beams,
θ = pi. Here we demonstrate a method for tuning the
SOC strength α0 in real time: modulating the coupling
strength ~Ω by controlling the intensity and phase of
the Raman lasers [12–15]. For rapid drive of the form
Ω(t) = Ω0 + ΩR cos(ωt), and ~ω  4EL the effective
Floquet Hamiltonian retains the form of Eq. 1 but with
renormalized coefficients Ω = Ω0, δ = J0(ΩR/ω)δ0 and
α = J0(ΩR/ω)α0. J0 is the zeroth order Bessel function
of the first kind; i.e., α is an oscillatory function of Ω0/ω,
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FIG. 1. Setup and level diagram. a. A uniform bias field Bez
Zeeman splits the hyperfine sublevels of an f = 1 87Rb BEC,
and a pair of Raman beams illuminate the atoms. The field
B generates a large quadratic Zeeman shift ~/EL  1 which
effectively decouples the third spin state. By adjusting the
detuning we select the states |−1〉 = |↓〉 and |0〉 = |↑〉 to form
an effective two-level system. b. Schematic of electric field and
associated intensity ramps used in experiment [12] to modu-
late the Raman coupling strength Ω(t). c Calculated disper-
sion relations from the time-periodic single particle Hamilto-
nian. Black curves indicate: δ = 0, and Ω0 = 0; while red
curves indicate: δ = −0.3EL, and Ω0 = 0.1EL.
generally decreasing in amplitude as Ω0/ω increases [13].
Our experiments started with nearly pure 87Rb BECs
in a crossed optical dipole trap, with frequencies
(fx, fy, fz) = (32, 37, 100) Hz. Prior to dressing the atoms
with the Raman lasers, we prepared these BECs ei-
ther in the spin state |↓〉, |↑〉, or an equal superposition
thereof. The B = 2.142 mT bias field Zeeman split the
|↑〉 and |↓〉 states by ωZ/2pi ≈ 15 MHz, detuning the
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FIG. 2. Absorption imaged TOF density distributions for
ω/2pi = 10 kHz. The top, middle and bottom panels corre-
spond to ΩR/ω = 0, 2 and 4, respectively. a. (Top) When
ΩR/ω = 0 the spin states are maximally separated by ∆kx =
2kL. (Middle) When ΩR/ω = 2 the quasimomentum separa-
tion is practically zero. (Bottom) When ΩR/ω = 4 the spin
states again separate in quasimomentum. b. The continuous
(dashed) lines correspond to the optical depth, integrated
along ey, for |↓〉 (|↑〉).
unwanted |mF = +1〉 state by 36EL from resonance.
We optically dressed the atoms with a pair of λ =
790.1 nm Raman lasers propagating along ey ± ex
(Fig. 1), and controlled δ0 by making small changes to
B. The Raman coupling strength ~Ω was experimentally
controlled by the intensity of the lasers, and we inverted
the sign of Ω by shifting the beams’ relative phase by
pi [12]. Each Raman beam (labeled A and B, respec-
tively) was ramped from zero to its final intensity in
100 ms following a linear envelope; however, the inten-
sity of Raman laser B was additionally modulated sinu-
soidally (Fig. 1b). The atoms were then held for 50 ms,
after which all potentials were turned-off. The atomic en-
semble expanded for a 34.45 ms time-of-flight (TOF) be-
fore absorption imaging. Using a magnetic field gradient
during part of TOF we separated the spin components
along ey.
We determined the SOC strength from direct measure-
ments of atomic momentum distributions as shown in
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FIG. 3. Tunable SOC strength. a. Measured (top) and
computed (bottom) quasimomentum of systems driven at
ω/2pi = 10 kHz as a function of ΩR/ω. The initial state was an
equal superposition of spin states. The blue (red) symbols rep-
resent the quasimomentum of the |↓〉 (|↑〉) atoms. b. Dynam-
ics of the BEC’s quasimomentum for ΩR/ω = 4. The dashed
and continuous curves correspond to: fast modulation of Ω(t)
following the exact experiment; and to the effective dynamics
predicted from the resulting effective α(t) and δ(t) (shown in
the inset), respectively. c. Calculated mean value of the quasi-
momentum after the laser ramp-up period. This simulation
shows a “reflection” of the quasimomentum at qx = 0 for con-
stant ~Ω0 = 0.3EL, ~δ0 = −0.5EL and ω/2pi = 20 KHz. The
dashed curves in panels a and c correspond to the Bessel
function J0(ΩR/ω).
Fig. 2. We first studied systems driven at ω/2pi = 10 kHz
and 20 kHz and found momentum distributions in excel-
lent agreement with the expected behavior, i.e. the atoms
adiabatically followed degenerate ground states of the
driven Raman Hamiltonian located at qx = ±(α/α0)kL
as we tuned ΩR/ω. Figure 3a constitutes the main re-
sult of our work and demonstrates experimental control
on the SOC strength α(ΩR/ω), for systems driven at
ω/2pi = 10 kHz. As ΩR/ω increased, we observed the
Bessel-function behavior of α.
We compared our data to the simulated dynamics
of the BEC, governed by the time-dependent Gross-
Pitaevskii equation (TDGPE)
i~
∂Ψ
∂t
= [H(t) + V (r) +HI ] Ψ, (2)
where Ψ = (Ψ↓,Ψ↑)T is a two-component wave
function. We numerically simulated 3D BECs with
N = 105 atoms in a harmonic confining poten-
tial V (r) = m(ω2xx
2 + ω2yy
2 + ω2zz
2)/2, and with
atomic density-density interactions described by HI =
diag
(
g↑↓|Ψ↑|2 + g↓↓|Ψ↓|2, g↑↑|Ψ↑|2 + g↑↓|Ψ↓|2
)
. The
interaction constants g↓↓ = g↑↓ = 4pi~2N(c0 + c2)/m
and g↑↑ = 4pi~2Nc0/m are derived from 87Rb’s s-wave
scattering lengths c0 = 100.86aB, c2 = −0.46aB (aB is
the Bohr radius). We obtained the t = 0 initial state
(before modulation) using imaginary time-evolution the
BEC initially polarized in one spin component, and then
explicitly time-evolved with the TDGPE [16] including
the full experimental time-dependent Raman coupling
Ω (t).
We modeled our experimental results under two rele-
vant schemes. Fast modulation corresponds to the time
evolution of the GPE explicitly including the the full
modulated Raman coupling Ω(t) (as in the experi-
ment). Effective dynamics describes simulations that in-
stead used the Bessel function modified effective param-
eters α(t) and δ(t) in which α(t) and δ(t) were slowly
ramped as the Raman lasers turned on (illustrated in
Fig. 3b, inset). Figure 3b shows the time evolution of
the quasimomentum and demonstrates that the effec-
tive description is in good agreement with the explicit
fast modulation simulation. Oscillations of the BEC’s
quasimomentum around the local band minimum (for
t > 100 ms) result from imperfect adiabaticity during the
ramp-up process of the Raman lasers. Figure 3c displays
the final quasimomentum averaged over one ≈ 25 ms os-
cillation period, giving to the band minimum. In exper-
iment, we found that the system very rapidly relaxed to
the local band minimum; therefore the measured quasi-
momentum shown in Fig. 3a.
We experimentally observed that as J0(ΩR/ω) became
negative, the individual spins did not pass through qx = 0
as might be expected, but rather “reflected” and contin-
ued following the Bessel envelope without changing sign
(Fig. 3a); this was the case for both the spin superposi-
tion and the single spin data. Our simulations show that
this reflection is present when the Raman coupling offset
~Ω0 and detuning ~δ0 are small but non-zero. For the
simulation shown in Fig. 3c, we used ~Ω0 = 0.3EL and
~δ0 = −0.5EL; furthermore, using ~δ0 = −0.4EL and
−0.2EL, the quasimomentum also displayed a reflection
at qx = 0. However, for δ0 = 0 the “reflection” depended
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FIG. 4. Heating and loss in the optically driven SOC sys-
tem. a. Temperature of the atomic sample measured from the
thermal fraction of the momentum distribution as a function
of ω at ΩR/ω = 2.9. b. Number of atoms remaining in the
driven system for ΩR/ω = 4.5, an exponential fit gave a 1/e
lifetime τ = 72.3 ms. c. Density distribution |Ψ↓|2 of the BEC
for different modulation frequencies ω/2pi at ΩR/ω = 4. Pan-
els i.) and iii.) correspond to the stable region, while panel
ii.) shows the unstable region in the GP simulation arising
from the coupling to higher energy bands and nonlinear in-
teractions.
on the actual value of the Raman coupling and driving
frequency.
Physically, when these terms are small the atoms un-
dergo a Majorana spin-flip as J0(ΩR/ω) changes sign
but are able to adiabatically follow when they are non-
zero. Because α, δ ∝ J0(ΩR/ω) change sign simultane-
ously, the qx for the local minima in E−(qx) associated
with each spin state do not change sign, so the local min-
ima reflect from qx = 0. This argument can also be under-
stood by considering the red curves in Fig. 1c, showing
a progression of effective SOC dispersion relations with
nonzero Ω0 and δ; it is evident that atoms which start in
the lower (left) minimum will stay in that minimum even
after the minima have merged and separated once more.
In the experiment, Ω(t) was determined by the inten-
sity and relative phase of two Raman lasers as controlled
by acousto-optic modulators (AOMs); it is likely that
a small DC contribution to the AOM’s drive gave Ω(t)
a small non-zero average at the 5% level. In the strong
driving region, ~ΩR > ~ω ≈ 10EL, this corresponds to
a ~Ω0 ∼ 0.5EL offset. Furthermore, in our experiment,
small detunings ~|δ0| ∼ 0.1EL were generally present.
In addition, Fig. 2 shows that the system is heated
in the presence of the drive. Figure 4a parameterizes
this effect in terms of the temperature of the driven sys-
tem as a function of driving frequency at fixed ΩR/ω =
2.9. The heating was most pronounced in the range
2 kHz < ω/2pi < 7 kHz and reached a plateau for
ω/2pi > 10 kHz. Because our atoms are continuously
evaporating from the shallow optical dipole trap, this
heating drives rapid atom loss, as plotted in Fig. 4b for
ΩR/ω = 4.5 and ω/2pi = 10 kHz.
This unwanted heating is present as dephasing in our
zero-temperature GPE model and described in terms of
the BEC’s stability under driving (Fig. 4c). The BECs
stability depends on the modulation frequency. For very
large ω, the time-dependent terms average out (rotat-
ing wave approximation), and the dynamics of the BEC
follow the effective modulation without instability. For
very small ω, the SOC strength barely changes and there
is no instability. In the intermediate regime, the strong
instability of the modulated BEC is observed because
the modulation effectively couples to the BEC’s collec-
tive modes.
The unstable range of drive frequencies is larger for
stronger interactions, and vanishes for vanishing interac-
tions where the simple effective quasi-eigenstates become
exact. In the unstable region, the BEC is destroyed after
a modulation time of just 10− 50 ms, at which point the
momentum space distribution is dominated by high mo-
mentum excitations, which would be interpreted as ther-
mal excitations observed in experiment. Figure 4c plots
the GPE-computed density distributions in stable and
unstable regions for J0(ΩR/ω) = −0.4. For this simula-
tion, we found frequencies in the range 2 kHz . ω/2pi .
15 kHz gave unstable behavior. For ω/2pi . 2 kHz, the
BEC is stable but the simple Bessel function description
is not valid. For ω/2pi & 15 kHz the system is stable and
Bessel function description applies. In general, the exact
size of the unstable region depends on both ΩR/ω and
interaction strength; thus while the experimental data
falls into the unstable region, the exact location of the
boundary may be influenced by the constant atom num-
ber (N = 105) used in the numerical simulation. For this
experiment we avoided the larger ω’s required to enter
the stable regime because this also requires larger ΩR,
leading to unwanted spontaneous-emission driven heat-
ing (not included in our GPE calculation).
Here, we demonstrated a technique to control the cou-
pling strength in a light-induced SOC system. Our tech-
nique relies on modulating the Raman laser field illu-
minating an ultracold atom system. The measured SOC
strength as a function of the dimensionless Raman cou-
5pling strength ΩR/ω, is in good agreement with the-
ory. This work shows that Raman modulation is a pow-
erful way to control SOC in quantum gases, in analogy
to modulated lattice experiments [15, 17].
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